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Abstract 
Shore protection i  lakes is an issue of major importance in Switzerland where several big 
lakes in plains suffer from a pronounced bank erosion. For the moment, in shallow lakes, soft 
and biotechnical protection measures proved their reliability. Unfortunately, the scientific 
basis for the design of such techniques does not exist in some cases or not appropriate 
enough in order to have an optimized effect. Therefore, the aim of an on-going research pro- 
ject is to study, on the basis of physical and numerical modeling, the impact of such measures 
on the shores regarding bank erosion, and to establish the main basis for their dimensioning. 
A 2-D numerical model was used to simulate the eroded beach of Prdverenges on the North 
coast of Lake Geneva. Hence, this case study allowed a better understanding of the numeri- 
cal capacities of the program by modelling wave effect on bedload sediment transport and 
shore erosion as well as wind role in the generation oflittoral currents. 
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Introduction 
The process of shore erosion in lakes and the design of 
well-adapted soft shore protection techniques are topics 
where further systematic research remains aneed. Un- 
fortunately, the scientific basis for the design of such 
techniques i  mostly unknown. Thus, the actual practice 
in shore protection overestimates the design of struc- 
tures which could be detrimental tomaintain the natural 
coastal aspect. 
In order to thwart any eventual landscape degrada- 
tion, pioneer soft designs are being constructed in Lake 
Biel in Switzerland. Since 1985, the "Association for the 
Protection of Lake Biel" has developed several soft 
techniques for the protection of reed bed and thwarting 
bank erosion (see Fig. 1) as brushwood fences or wood- 
en piles both used as groynes or breakwaters, or gravel 
embankment and reed plantations used as soil shore con- 
solidation agent (ISELI 1995). 
The main goal of the ongoing research project 
EROSEE is to study the interactions ofthese soft protec- 
tion techniques with the incident waves in the lake, in 
order to evaluate their effect on the sediment transport. 
Physical and numerical modelling is used in order to es- 
tablish the required scientific design basis. Field mea- 
surement campaigns will be carried out in Lake Biel by 
the Berne University of Applied Sciences for the valida- 
tion of the theoretical nd experimental results. 
Shore protection measures 
The most recent history of banks in Lake Biel (see 
Fig. 2) goes up to the end of the 19 th century period dur- 
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ing which the first correction of rivers and lakes in the 
Jura plain was carried out. The diversion of the Aar river 
in Lake Biel modified the natural dynamic equilibrium 
of the latter leading to a gradual and constant growth of 
different vegetal species including plants and reed for- 
mation along the banks of the lake. Unfortunately, rigid 
constructions related to human activity brought some 
harmful impact on the shore stability (OsTEYDOaP et al. 
1995). Thus, since the late thirties of the past century, an 
increase in erosive forces clearly appeared in the 60% 
remaining natural shore of the lake. 
In order to stop shore erosion, the use of protection 
measures must be applied with respect to the surround- 
ing landscape of Lake Biel. Hence, soft measures most 
adapted to shallow lakes were applied during past 
decades as brushwood fences in Ipsach, Sutz, and M6ri- 
gen, and palisades in Ipsach, Ltischerz, and Erlach. 
Fig. 1. (a) Combined bank protection measures in Lake Biel, using 
breakwaters and palisades (wooden piles) to protect natural reeds on 
the beach. (b) Brushwood fences used in Lake Biel for shore protec- 
tion against erosion. 
Scientific and technical goals 
Fig. 3 shows the need for further systematic research to 
investigate he interaction between the shore protection 
measures, the hydrodynamics of a specific site, and the 
bedload sediment transport and bank erosion. The nu- 
merical modelling is based on physical tests carried out 
in the wave tank of the laboratory. The latter are used as 
a tool to calibrate the basic numerical model. 
The main goal of the multidisciplinary research project 
EROSEE is therefore to remediate oshore erosion using 
well-adapted measures for shallow lake conditions. Their 
behavior will be evaluated on short, middle and long-term 
conditions. The research will provide the necessary tools 
for the design which will take into consideration the envi- 
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Fig. 2. Lake Biel, Switzerland. 
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ronmental impact on the landscape and the shore, the cri- 
teria that influence their lifetime and any eventual main- 
tenance. Finally the conditions for using these measures 
in some other shallow lakes will also be analyzed. 
It is to me mentioned that Hannover University stud- 
ied, on the basis of physical and numerical models, the 
interaction of waves and the brushwood fences (MATHE- 
JA et al. 2000). 
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Proposed methodology 
The methodology of the research project is subdivided 
into three phases (see Fig. 4) as follows: 
• Phase 1 concerns the adjustment of the numerical 
model on the basis of the test results of the physical 
model, using the 2-D free-surface software MIKE 21 
(DH12001). 
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Fig. 3. Further esearch is needed to understand the interaction of the soft shore protection measures in shallow lakes with waves and sedi- 
ment ransport. 
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• Phase  2 provides the basis for the validation of the 
model adjustment done in phase 1, being based on the 
measurement campaigns of the sediment transport by 
bedload in the lake and the wind generated waves. The 
validation will be based on a full scale real numerical 
model that simulates r al conditions in Lake Biel. 
• Phase  3 will establish the scientific basis and design 
criteria of the shore protection measures with the pur- 
pose to ptimize the effect against bank erosion. When 
the numerical model is validated on the basis of proto- 
type results, it sused to carry out a parametric study. 
Case study: Beach erosion on the North shore 
of Lake Geneva 
Near the end of the 1980's, the p ople of Pr6verenges 
(see Fig. 5) a small village situated in the north region of 
Lake Geneva, showed serious concern about the in- 
creased erosion of their beach. 
The latter is well known for water sports because of 
its ideal wind conditions. In order to stop the erosion 
process, four groynes were built along the beach, per- 
pendicular to the shoreline. After many years of moni- 
toring, the groynes olution appeared to be not efficient. 
They were unable to attenuate refracted waves that prop- 
agate perpendicularly to the shoreline. 
Historical analysis 
Many old photos revealed that the beach of Pr6verenges 
was wider than its actual configuration. In the summer 
of 1935, the beach was 15 m wide (see Fig. 6a). More- 
over, the Lake Geneva is at its highest level during 
summer following the water level regulation principles 
of the lake, established atthe beginning of the 20 th cen- 
tury. Comparing the situation of 1935 to the actual 
beach morphology (see Fig. 6b), it can be confirmed 
that the latter has suffered an increased erosion process 
during the last decades which narrowed the beach to a 
maximum 2 m width during the same period of the 
year. 
It appears also that the actual configuration of the 
trees is different than the one shown on Fig. 6a. The ac- 
tual plantation level is higher than the old one. In fact, 
the level of the beach road was also lower in the past. In- 
vestigations confirmed that filling up the land behind the 
beach has heightened the road and tree level. It possibly 
occurred in the sixties, during construction of the motor- 
way between Geneva nd Lausanne. 
Hence, it is very likely that the changes of the shore 
level have generated an increase in the hydrodynamic 
forces due to wave breaking. With a higher shore level, the 
incident waves appear to break more frequently and bru- 
tally in comparison to a breaking on gently growing beach 
slope pushing the shoreline in the landward irection. 
Considering the vegetation on the shore, their action 
differs depending on the wave attack angle and beach 
material properties. In several places, the roots of the 
trees are bare, proving the inefficiency of the trees very 
near to the shoreline in soil consolidation. In other 
places, where the shore is more or less well protected 
against severe hydrodynamic forces, reeds appear to 
play a very efficient role in keeping the beach in its natu- 
ral condition while providing agood protection against 
erosion. 
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North coast of Lake Geneva, 
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The on-site technical investigation proved that both in 
Wind (southwestern wind) and Bise (northeastern wind) 
regimes, nearshore littoral currents are being generated. 
Due to the shoreline orientation, the Bise regime does 
not generate waves in the littoral zone of the beach. 
Waves are therefore only generated uring the Wind 
regime. 
Anemometric and hydrodynamic site conditions 
The short waves (having typically aperiod less than 20s) 
attacking the nearshore zone of Prdverenges are essen- 
tially wind waves. Taking into consideration the wind 
rose that is most representative of local wind in the re- 
gion (meteorological station Changins, at 30 km dis- 
tance from Pr6verenges), it appears that the southwest- 
ern wind (called Wind) is the most frequent and will 
mainly influence the hydrodynamic conditions, consid- 
ering the orientation of the shoreline. Since the beach is 
oriented perpendicularly to the northeastern wind 
(called Bise), the influence of the latter on the hydrody- 
Fig. 6. Photos showing the beach of Pr~verenges; (a) was taken in 
the summer of 1935, and (b) was taken in winter 2003 (when the 
water level of the lake is at its lowest value) providing a clear idea of 
its width that has suffered an increased erosion process through the 
last decades. 
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namic conditions in the nearshore zone of Pr6verenges is 
considered negligible. 
Changins measures the Wind blowing 33.5% over 23 
years wind measurements duration (data used start 
from the year 1979 and end in 2002, on the basis of 10 
minutes-mean-wind-velocity) (LASEN 2001). These 
data are the basis for a statistical nalysis of the Wind in 
the region of Pr6verenges, whose results are used to 
calculate its corresponding wind generated waves. 
Since a general evolution of the beach due to the ero- 
sion process is needed, a long-term statistical nalysis 
will be considered. Short-term analysis refers to analy- 
sis of winds that occur during one wind surge within 
one storm. This phenomenon is not always ufficient to 
produce well established wind-waves (KAMPHIUS 
2000). Fig. 7 shows the intensity-duration-frequency 
graph resulting from the wind velocity analysis which 
gives the corresponding return period for every wind 
velocity at Changins wind station, and a selected wind 
blowing duration. 
As mentioned before, the wave characteristics are cal- 
culated using wind data. Parametric wave hindcasting 
determines wave height and period from fetch, storm du- 
ration and depth of water in the generating area. In the 
present study, the generating area is considered as deep 
water. Hence the depth of water has no effect on the 
wind wave generated parameters. 
The method used for wave hindcasting s based on the 
method eveloped called Jonswap (HASSELMANN et al. 
1973). This method is generally used for wave hindcast- 
ing based on wind data. It is applicable to a relatively 
small body of water like Lake Geneva, as well as on 
larger bodies of water like seas. 
Fig. 8 shows the wind wave heights and periods for 
different return periods. It is to be mentioned that re- 
turn periods are directly related to wind speed through 
the graph of Fig. 7, and waves characteristics are then 
derived using Jonswap method (for a 22 km fetch 
length). 
Waves generated by boats are being efficiently dissi- 
pated by the wide nearshore region. Furthermore, large 
boats navigate hundreds of meters away from the shore. 
Beach erosion analysis 
The hydrodynamic loadings due to wave attack will 
result in movement and transport of the sediment (e.g. 
sand in the present case) in beach profile. This is referred 
to as littoral transport processes (MANGOR 2001) and is 
the subject of this section. 
The main sediment transport process, responsible for 
strong erosion, occurring in the beach of Prdverenges is 
due to wave generated rip currents. They are directed 
away from the shore, bringing the surplus water carried 
over the bars in the breaking process, back into deep 
Limnologica (2004) 34, 65-74 
70 S.M. Sayah et al. 
20 
~ ~ .  ~ ~ ' ~  .  ~ .  ~ - ~ + "~" Return (years) 1001Period 
E ~ .....~__~____~ ~ +60 ~'~2
> ~ 2.33 + 
0 
10 100 1000 
Wind duration (min) 
Fig. 7. Wind velocity at Changins wind station in the sector [225°_+ 15], in function of wind blowing duration for different return periods. 
water. While rip opening travels slowly downstream, 
sediments are transported to a region less exposed to 
large forces or large shear stresses by water movements. 
After deposition, they induce bar formation. Bars are 
longshore submerged deposits in or near the surf zone 
parallel or oblique (in this case parallel) to the coast. The 
wave generated rip currents produce flows that engender 
variable shear stresses applied on the sandy bottom. 
When the flows exceed the threshold of motion defined 
by the sediment granulometry, aninitially flat bed may 
deform into various types of bed features, ranging in size 
from small ripples up to major sandbanks. BONNEFmLE 
(1992) defines sediment transport regimes using the 
dimensionless parameters D, related to sediment diame- 
ter and Reynolds number of particles R,. This leads to: 
• Ripples formation only when D,<15 
• Dunes formation only when R,>15 
for 
F(,-1) gl l; 
D, = k ~ j  ' dS° (1) 
R, - u,D 
v (2) 
1 [ 1 u, =2.2" I)H2 - T3sinh22 d ~ (3) 
where sis the ratio of densities of grain and water, ds0 the 
median grain diameter (m), g the accdl6ration due to 
gravity = 9.81 m/s 2, v the kinematic viscosity of water 
(mVs), u, the bottom friction velocity due to wave gener- 
ated orbital currents (m/s), H the wave height (m), T the 
wave period (s), L the wave length (m), d the water 
depth u, (m) applied. 
Table 1 shows the different possible regimes in Pr6v- 
erenges for different sediments found along the beach. 
It is clear that the main regime for sediment transport 
essentially generates ripples formation in the region of 
Pr6verenges ince the finer sand is located in the 
nearshore region. The coarser sand being deposited on 
the beach. Some aerial photos how big dunes (estimated 
average length = 100 to 200 m; estimated wavelength = 
15 to 20 m) parallel to the shore. Hence, it is very proba- 
ble that during big storms, when high incident waves are 
generated, strong flows applied on the bottom increase 
R,. This may generate changes on the coastal profile. 
Numerical modelling 
The hydrodynamic and sediment transport elated phe- 
nomena re simulated numerically using the 2D free- 
surface numerical model MIKE 21. The results of the 
modeling process are divided into two issues: 
• Hydrodynamics: After using the module MIKE 21 
NSW (wind-wave generation) to calculate the refrac- 
Limnologica (2004) 34, 65-74 
The use of soft protection measures in shallow lakes 71 
Table 1. Various sediment transport regimes in Pr~verenges for 
different sediment diameters. 
dso (mm) D, (-) R, (-) Regime 
0.2 4.06 1.83 ripples 
0.25 5.08 2,52 ripples 
2 40.63 44.3 dunes 
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Fig. 8. (a) Energy-based significant wave heights Hmo, calculated in deep water for the fetch of Pr~verenges for different return periods. 
(b) Wave periods T~(s), calculated in deep water for the fetch of Pr~verenges at different return periods. 
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tion and shoaling of the incident waves (using the val- 
ues calculated previously), the results are used as 
boundary conditions in order to generate flows due to 
waves, in the module MIKE 21 HD (hydrodynamic). 
• Sediment Transport: The results of MIKE 21 HD are 
then used to generate the bedload sediment flows in 
the x and y directions. The module MIKE 21 ST (sedi- 
ment ransport) is used for that propose. 
The numerical model of the region is based on a 40 m 
rectangular grid. This width is based on the average 
width of the delta of the Venoge river, located next to the 
beach to the East of Pr6verenges. 
In order to obtain a good comparison between short 
and long term results, the return periods of waves con- 
sidered for calculation are as follows: Tr = 2.33, 10, 20, 
50 years (USACE 2001). The numerical calculations are 
also based on the simulation of single events. It means 
that every simulation considers only constant wave char- 
acteristics as boundary condition, related to its return pe- 
riod, attacking the beach during a defined duration. 
Since the 4 hours duration for each return period gives 
the highest wave, this same duration is considered for 
each event simulation. 
Fig. 9a proves that the incident waves in the nearshore 
of the beach of Prdverenges are already refracted by the 
shallow bathymetry in the South of the Pr6verenges region 
that helps to reduce the energy of the incoming waves gen- 
erated in the deep water of the lake by decreasing the wave 
height due to the orbital friction on the bottom. 
Afterwards, the module MIKE 21 HD calculates the 
wave generated orbital currents P and Q respectively in
the x and y directions. Fig. 9 shows the current in the x 
direction for a return period of 50 years. These values 
are the result of 3 hours simulation for which flows 
reach a steady-state condition. 
Furthermore, the P currents reach their highest posi- 
tive values (see the dark region on the upper-left of 
Fig. 9b) in the delta of the Venoge. Since every river is in 
principle charged with sediment in suspension, this phe- 
nomenon proves that when the beach of Pr6verenges i  
attacked by Wind generated waves, there is no possible 
nourishment of the beach due to the Venoge since the 
currents are generated in the opposite direction, i.e. to- 
wards the East. 
Regardless of the wave generated currents, drift cur- 
rents are also generated by Wind and Bise friction on the 
surface of water. In Order to have a good estimation of 
the size and direction on these currents, and to evaluate 
their effect on the littoral currents, a numerical model is 
built using MIKE 21 HD without introducing any waves. 
An average velocity of Wind and Bise of 7.5 m/s is 
considered. Fig. 10 highlights their effect on two phe- 
nomena: 
• Effect on the delta of the Venoge: The Wind as well as 
the Bise create drift currents in the delta of the Venoge 
that cannot contribute by any means in nourishing of 
the beach of Pr6verenges with the suspended sedi- 
ment in the river flow. While the Wind creates cur- 
rents directed towards the East, in the opposite direc- 
tion to the beach, the Bise generates currents directed 
towards the South-West, very far from the beach. 
• Generation of littoral currents in the nearshore of the 
beach: The Wind as well as the Bise generate littoral 
currents both in the seaward direction that can engen- 
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Fig. 11. Average sediment transport 
rate Os (m3/yr/m) in the nearshore re- 
gion of Pr~verenges in the y direction 
over one entire year. The waves con- 
sidered correspond to a return period of 
50 years. 
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der a littoral transport similar to rip currents. These 
currents are also unfavorable for the beach accretion. 
MIKE 21 ST is used to evaluate the bottom sediment 
transport rate. Since these values are very small for a 
4 hour duration event, a long term evaluation is provid- 
ed by multiplying the result by the number equal period 
over one year. This would highlight he sediment trans- 
port evolution due to wave attack. Fig. 11 gives the aver- 
age sediment transport rate over one full year in the y 
direction. 
While comparing the erosion (negative values) and 
deposition (positive values) regions in Fig. 11 it appears 
that the sediment transport regime is clearly in the sea- 
wards direction due to rip currents. 
Discussion 
The embankment on the shore of Pr6verenges has modi- 
fied its morphodynamic equilibrium and results in in- 
creased erosion due to wave breaking. Furthemaore, rip 
currents promote sediment migration away from the 
shore. The bedload sediment transport promotes the for- 
mation of ripples and, during storms, when waves are 
high, the increase of bottom shear stresses induces edi- 
ment transport changes towards dune regime. In addi- 
tion, the beach is not by any means nourished by the sus- 
pended sediments from the Venoge river. Hence, any 
structural protection against erosion will not restore the 
eroded beach. A beach nourishment project will there- 
fore be more compatible for beach restoration. 
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